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FUSARIUM STRAIN DEVELOPMENT AND SELECTION FOR
ENHANCEMENT OF ETHANOL PRODUCTION

o & - :
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Antonios A. Antonopoulos and Edward G. Wene
Energy and Environmental Systems Division
Argonne National Laboratory
Argonne, Illinois 60439

ABSTRACT

Research data obtained at Argonne National Laboratory indicates that selected
Fusarium strains isolated from natural habitats are potential decomposers and
fermenters of biomass. The amount of ethanol produced is comparable to that yielded by
other potential microorganisms and, moreover, Fusarium strains can ferment xylose
(pentoses) while other microbes cannot. Preliminary mutagenesis studies on Fusarium
-isolates indicates that potential mutants can be developed which are capable of
hydrolyzing more cellulosies in a shorter time as well as fermenting monosugars to
ethanol at higher rates than their parental wild strains. Therefore, new studies were
initiated to further enhance the ethanol production via Fusarium genetie manipulation.
In particular, the aim of this task is to develop superior Fusarium strains capable of
fermenting monosaccharides (specifically xylose) to ethanol, and able to tolerate higher
ethanol concentrations than selected wild strains. Experimental work on hyphal fusions
of selected Fusarium strains with the purpose of exploiting heterokaryosis and
parasexuality for the development of new superior strains has been initiated.
Bibliographic information related to Fusarium geneties and ethanol fermentation has
been studied and a summary is presented.
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FUSARIUM STRAIN DEVELOPMENT AND SELECTION
FOR ENHANCEMENT OF ETHANOL PRODUCTION

INTRODUCTION

pentoses [Gong, et, al., 1981; Lodies and Gong, Xylan, one of the major
i 2ol produces xylose which

years,

Selected strains of both fungal and bacterial species have been tested fop their
ability to ferment Xylose and have shown encouraging efficiency, Furthermore, severa]
techniques have been applied to further enhance ethanol yields from enzymatie
hydrolysis of Xylose, which have mainly focused on the (a) optimization of fermentation
Parameters, (b) modification of metabolic pathways, and (c) on the genetic manipulation
to develop nove! angd more potential strains.

Work at Argonne National Laboratory has focused on the use of selected
Fusarium strains to decompose biomass cellulosies and ferment both pentoses and
hexoses to ethanol. Through these efforts more than 3,500 Fusarium isolates were
obtained from naturs] Substrata, and a few mutant strains were developed via UV-
irradiation of selected wild strains. All of them were tested for theijr potential to
hydrolyze cellulose, and hearly all the Fusarium isolates showed cellulolytie activity,
Tests for extracellular production of cellulase showed an enzyme production ranging
from 0.2 to 0.5 [U/mL for wild strains, and up to 1.2 IU/mL for selected strains (ineluding
Some mutants) in a fermentation of 1% cellulose after 14 days.

Fusarium strains that effectively saecharify and ferment biomass to ethanol, optimize
the parameters that could maximize the ethanol Production, ang explore the
manipulation of key parameters that could ineresse and accelerate the yield of the
Needed enzymes, Recently, new work was initiated to further enhance the ethanol
production by means of developing new Superior Fusarium strains which can More
efficiently ferment monosugars (specifically Xxylose) than selected parental wild strains,
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THE ASEXUAL BEHAVIOR OF FUSARIA

‘ The asexual stages (imperfect or conidial) of certain ascomyecetous (sexual,
perfect, ascigerous, or perithecial stages) genera of fungi including Nectria, Calonectrm,
Micronectriella, and Giberella, are classified under the genus Fusarium which produces in
a specific way uniquely characteristic macroconidia [Booth, 1971].

The asexual stages of the Fusarium species are most prevalent and omnipresent
in nature. They are represented by two types of conidia: the microconidia which are
unicellular or bicellular and have one nucleus per cell; and the macroconidia
(conspicuously characteristic for each species) which are multicellular and, again, carry
one. nucleus_.per cell, All the nuclei per conidium are genetically identical since they are
e “m‘lf@ﬂ SPERANTor “vegethtive™ rebrbﬂﬂ@“ﬁ@ﬁ“‘{ﬂi%é’bWB2"“‘3%“""1954 “‘El““hﬁf“"’“““”‘”“““‘"““"‘”
1968]. The g'enetlc analysis of the asexual stages of Fusaria present difficulties which
have recently been mitigated with the discovery of the sexual stages (in most species)
with which some genetic work is being conducted.

On the other hand, the sexual stages of Fusarium species are represented by the
ascospores (of Nectria, Calonectria, Micronectriella, and Giberella) which are
unicellular, bieellular, or even multicellular. Indications are that these spores have also
one nucleus per cell.

The nuclear status of the vegetative hyphal cells of Fusaria has not been well
determined. In most cases the old cells are uninucleate, while younger cells and the
hyphal tips are in several ocecasions multinucleate [Diekinson, 1932; Koening and Howard,
1962; Hoffman, 1964; Aist and Williams 1972].

Research has indicated that there is a major difference in mitotic nuclear
division between Fusarium (and similar genera) and other fungi and higher organisms.
Work on ultrastructure and time course of mitosis in Fusarium oxysporum has shown that
mitosis starts with the disappearance of nucleolus followed by chromosome condensation
and deep staining, while the nuclear membrane remains unbroken [Aist and Wilson, 1968;
Aist and Williams, 1972]. The authors could not observe a true metaphase plate but were
able to identify a spindle made of microfibrils connecting the chromosomes with the
centriole, and speculated that the mierofibril-centriole connection helps chromosome
separation during anaphase and the migration of the daughter nuclei.

Studies on meiosis in Hypomyces solani f. sp. cucurbitae ( = Nectria haematococca), the
sexual stage of Fusarium solani, indicated that all the meiosis phases were well defined
like in other organisms [Hirsh, 1949; El-Ani, 1956]. The number of chromosomes for
several sexual species of Fusarium has been determined toben =4, 6 or 7 [ Hirsh, et. al.,
1949; El-Ani, 1954 and 1956, Howson, et. al.,, 1963]). Fusarium oxysporum (of yet
unknown sexual stage) was shown to contain 4 chromosomes [Aist and Williams, 1972].
Through scanty research on DNA content of Fusarium species, it has been found that the
DNA content is similar to that contained by other fungi {Kumari, et. al., 1975].

During the asexual life of Fusaria (and similar fungi) genetic alterations may
happen through either heterokaryosis or parasexuality. In heterokaryosis two genetically
disimilar vegetative cells (hyphae and/or germ tubes) fuse and their cytoplasm is
intermingled but their nueclei remain intact. On the other hand, after heterokaryosis
occurs the parental nuclei in an undetermined time recombine and form heterozygous
diploids which through a non-meiotic mechanism produce the haploid stage, therefore,
following a parasexual pathway to create new strains.
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Since 1932, work has indicated that hyphal tip fusions oceur in Fusarium
[Dickinson, 1932), as well as between germ tubes [Buxton, 1954]. Additional research
pointed out that fusions happen mostly between old hyphal cells which are uninucleate
and not between hyphal tips which are usually multinucleate [Hoffman, 1964, 1966, 1967,
1968]. Several investigators noted that certain factors like succinie acid [Robinson,
1972] temperature [Dickinson, 1932], and UV-irradiation [Buxton, 1956] stimulated op
suppressed hyphal fusions in Fugariq.

Morphological variants have been obtained by cutting out and éulturing' fused
cells of Fusaria, which behaved like nuclear mutants [Dickinson, 1932] and indicated that
their pg;eqﬂ_ta}‘c_glls_ were _hetgrol_caryo_ns [Buxton, 1962). -

concluded that isolated sectors in his cultures were haploid recombinants through
parasexuality, but was unable to detect heterokarya and diploids and, therefore,
considered them very unstable, Heterokaryosis and parasexuality have been
demonstrated te ceeur with the aid of pairing and complementary auxotrophs of F.
vasinfectum [Ahmed and Shumagasundaram, 1972] and F. oxysporum f. sp. lycapersici
[Sanchez et, al. 1976]. Researchers have isolated diploids from F. oxysporum f. 8p. pisi

Although the production and recovery of Fusarium recombinants from pairings of
complementary auxotrophs indicated convineingly that heterokaryosis occurs, the nuclear
status and the mechanism of heterokaryosis has not been clearly elycidated. It is
possible that the transient condition of heterokaryons is an obstacle for such
elucidation, However, the creation and recovery of Fusarium recombinant haploids is
very supportive of the occurrence of parasexuality. It is very probable that Parasexuality
in Fusaria follows the same steps as those oceurring in Asperygillus [Pontecorvo, 1956) and
Verticullium aibo-atrum [Hastie, 1967] that is, heterokaryon nuele; unite to form a
heterozygous diploid nueleus in which 2 somatic recombination happens and produces
haploids. A complete characterization of heterokaryosis and parasexuality in Fusaria is
lacking.

Recent developments in the geneties of fungi and bacteria could be applicable to
investigate heterokaryosis and parasexuality in Fysarig and characterize theijr
heterokaryons, diploids, heterozygotes, and haploids as well ag eluecidate the mechanism
of their formation. '

It has been noted that several Fusarium isolates during their subeulturing show a
morphololgical variability, that is, change their myecelial morphology and in some
instanees produce sectors of growth different in  appearance than the rest of the
culture. These variants are mostly stable and can be maintained by monoeconidial

transfer or hyphal tip eulture. It has been Suggested that this variation is rare in nature

‘[Miller, 1946]). Studies on the relationship of nutrient requirements as well as on the

effects of chemieals contained in the growth medium on morphological variability of
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Studies have indicated that the sector variants suppress the parental strain
[Miller, 1945] and the type (micro-, or macroconidium) and source (single conidiophore or
sporodichium) of spore initiating the culture affect the frequency of variant production
[Miller, 1945; Cormack, 1951]. It has been found that maintainance of Fusarium stock
cultures on soil extract agar or sterile soil, and under low temperature, as well as
transfer by a microconidium or single hyphal tip reduce the variation.

The genetic cause for the spontaneous variability in Fusarium is. still
unexplored. Heterokaryon analysis has shown the nuclear genetic basis of the variants
[Diekinson, 1932; Buxton, 1954; Dimock, 1937; Snyder et. al., 1975]. Although there are
indications that these variants are cytoplasmic mutants (characteristic of some fungi)
[Singh, 1973], no work has determined the nuclesr or eytoplasmic variation in Fusaria.

75 i flight irradiation ;has shown_to greatly eubance .the generation of . .. . ...
morphological varia

nts in Fusarium species [Miller, 1945; Buxton, 1956; Imshenetski and
Ulianowa, 1962; MacNeil and Sabanayagam, 1968; Antonopoulos and Wene, 1984].
Several chemicals have also been tested which induece variation in Fusaria, like nitrous
acid, ethylmethanosulfonate and nitrosoguanidine [Bouhot, 1970; Sanchez et. al., 1976;
Van Etten and Kolmark, 1977], zinc salts [Dimock, 1936], benomyl [Dassenoy and Meyer,
1973] fernasan [Abdalla, 1975], and other pesticides.

- FUSARIUM XYLOSE FERMENTATION
AND INITIAL EFFORTS FOR DEVELOPING SUPERIOR STRAINS

Fusarium strains have been shown to ferment monosaccharides (both pentoses
and hexoses) to ethanol in appreciable amounts [Birkinshaw et. al, 1931; White and
Willaman, 1928; Anderson et. al., 1933; Antonopoulos and Wene, 1985; Batter and Wilke,
1977; Chiang et. al., 1982; Cochrane, 1956; Du Preez, et. al., 1983; Gibbs, et. al., 1954;

) Heath et. al.; 1956; Jeffries, 1985; Jeffries et. al.; 1985; Letcher and Willaman, 1926;
Rosenberg et. al., 1980; Suiko and Enari, 1981].

Qur research efforts in the past focused on studying the ability of selected
Fusarium strains to ferment D-glucose and D-xylose to ethanol. Nearly all Fusaria
tested were able to ferment both sugars to some extent. Additional efforts identified
strains which yielded about 4.3 mg/mL ethanol in 48 hours in 1% glucose and xylose.
During this work it was established that anaerobic conditions were not favorable for
Fusarium cell growth and rapid ethanol production. Semi-aerobic conditions shortened
fermentation times and increased cell-mass produetion.

As it has been reported [Antonopoulos and Wene, 1985], with a combination of
strain selection and control of fermentor conditions several of the newly isolated Fusaria
have produced up to 4.3 mg/mL ethanol from 1% D-xylose and up to 8.4 mg/mL from 2%
D-xylose in 48 hours. In comparing our results with selected Fusarium strains and those
obtained by others working recently with the yeasts Pachysolen tannophilus and Candida
shehatea [Sliniger et. al. 1982; Du Preez et. al. 1983; Jeffries, 1985; Jeffries et. al.,
1985] some conclusions can be derived. Fusarium strains are not as productive per unit
cell mass as some of the yeasts, but they are as efficient in terms of yield. However,
anaerobic Fusarium fermentations are more productive per unit cell mass, but the
fermentation times are longer. The specific fermentation rate may be compensated for
by recyeling cell mass. For Fusaria to be competitive with some of these yeasts the
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volumetrie fermentation rate Mmust be increased. One way to increase this is to decrease
losses of ethano] ‘cue to respiration, Some of our studies showed that glucose addition to
xylose fermentations produced higher ethanol yields.

A recent article [Jeffries, 1985] listed certain requirements which must be
fullfilled to make 4 pentose fermentation to ethanol a successfy] commereial process,
The suggested requirements are: (a) an ethanol yield of at least 0.40 g/g of pentose
Sugars; (b) ethanol produetion of at least 50 g/liter; (¢) fermentation time of less than 36
hours, and (d) complete utilization of the pentose sugars,
Fusaria isolated and tested in oyp laboratory fullfill two of the above
requirements. Ethanol yields from selected Fusarium strains typically range from 0.40 to
i 43 g of ethanol per Eram of pentose sugar and the pentose sugar is over 99% utilized.

contain between 100 and 125 g/liter of Ppentose sugar. The Fusarium strains that we have
isolated in this laboratory are not able to completely utilize pentose sugar at this
concentration. The maximum ethano] production whieh hag been achieved from 100
g/liter of xylose is 29 g/liter in a batch fermentation, In a fermentatijon conducted in g

bateh fed mode the ethanol yield increased to 34 g/liter,

ferment 2% xylose to 8.4 mg/mL ethanol within 48 hoyps, Increasing concentrations of
xylose require longer fermentation times. Fermentation of 4% xylose to a yield of 16
mg/mL requires 9¢ hours. Fermentation of 5% xylose in a bateh fed mode to 20 mg/mL
can also be Accomplished in the same amount of time. |f economie goals could be
reached with 2% ethano] streams then these Fusarium isolates would be candidates for
the process if the fermentation times could be reduyced, This could most likely be

Based on literatyre information, Initial researeh steps have been taken to explore
and use the heterokaryotic and Parasexual pathways of Fusaria with the gim to develop
New superior strains fop the enhancement of ethanol production from monosugars,
specifically xylose, '

Superior to the wild strains in fermenting' cellulose, glueose and xylose, UV-mutants
were obtained by irradiation of uninucleate microconidia. Aftep reépeated subculturing
the mutant strains diq not retain their higher levels of cellulase enzyme production. Thig
decrease in activity may be similar to other problems encountered in retaining cultura]
characteristics of Fusaria during eontinuoys transfer and storage. Spontaneous genetie
change is often eited 83 a reason for the loss of certain characteristies in culture. In
some cultures, sectoring of the growth pattern has been observed, with the loss of aerig]
mycelium and changes in pigmentation. It was possible that the production of variants
was stimulated by the medium components and conditiong of growth, ‘

Current experiments are using Fusariym strains ANL-99A, ANL-22, ANL-22760,
ANL-8, ANL~8-82481, and ANL-325 which have shown exceptional ability to ferment
glucose and xylose, as parenta] material to develop new strains. Two different strains
have been inoculated on one plate and theip adjacent mycelig are under mieroscopie
observation for hyphal fusions ang Nuclear behavior. So far, no substantia] results have
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